In the molten LiNb0 3 , the local order of the first neighbouring atoms has been described using the total structure factors S(Q) W and S(0 (II) and the total pair correlation functions G(r) w and G(rL> obtained by X-ray and neutron scattering, respectively. We have also compared the differences [RDF(r) (x) -RDF(r) (n jJ of the radial distributions obtained from experiments and computed from the distances in the LiNbÖ 3 crystal. With this refinement it was possible to extract the first pair distances r i,Nb-o> r i.u-o an d fi.o-o the high accuracy Ar/r« 0.5%. These values are identical with those in the crystal. Fitting the RDF curves by Gaussian components centred around these distances, the first coordination numbers, ij Nb-0'"i,Li-0 äxid "i.o-O' have been determined with an accuracy An/n «2%. Octahedrally coordinated niobium atoms are present in the melt in the studied range from 1623 K to 1490 K. From these results it is inferred that aggregates built from cornersharing octahedra, tightened by lithium atoms, are present in the melt.
I. Introduction
Lithium metaniobate LiNbO a is an interesting material owing to its electro-optical and non-linear optical properties [1, 2] . However the LiNbO a crystals are little used because of local fluctuations of the refractive index and the presence of many light scattering centers, defects caused probably by sub-grain boundaries [3] [4] [5] [6] . Since both large and good quality crystals are needed for various optical devices, the production of sub-grain free crystals is required. As the monocrystals are produced by Czochralski's method of pulling from the melt, the local order in the liquid plays an important role in the crystallization process; therefore various structure-sensitive properties of the melt, such as viscosity, density and surface tension have been measured in order to find the best conditions for crystal growth [7] [8] [9] . A marked increase of the viscosity was always found at temperatures below 1555 K, and an anomalous variation, characteristic of a dilatant fluid, was also observed in the temperature range from 1560 K to 1590 K. These observations imply that there exist structural units or The LiNb0 3 crystal belongs to the family of ilmenites and its structure, resolved in the ferroelectric phase [10] , belongs to the rhombohedral system with the space group R3c. The small Li atom is surrounded by a framework of eight octahedra of oxygen atoms, and a Nb atom is located at the center of each octahedron (Figure 1 a) . It has been proposed that the space group becomes R3 at the Curie point T c , just a few degrees below the melting point T m « 1526 K, but the structure of the paraelectric phase has not been resolved and T c is not accurately known: 1415K<T C <1483K [10] [11] [12] [13] [14] . With Nb midway between nearest oxygen layers and Li in the oxygen layer c/4 from Nb, the position of the niobium atom has the symmetry of an inversion center in the paraelectric phase (Figure 1 b) . The thermal expansion of the atomic bonds was studied by Megaw [15] and compared to those of other niobates belonging to the perovskite-family.
A cluster formation just above the melting point may be related to the appearance of sub-grain boundaries in the single crystal synthesis. With this in mind, recent structural studies of the LiNb0 3 melt have been carried out by means of small angle scatter-0932-0784 / 93 / 0800-967 $ 01.30/0. -Please order a reprint rather than making your own copy.
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A 0 linked to Li ing using synchrotron radiation [16] and by means of the high temperature diffraction method with X-rays [17] and neutrons [18] . Six experiments with different contributions W^ of the i-j pairs are necessary to extract the S {j (Q) functions which determine the local order. Nevertheless, it is possible to obtain the first interatomic distances r ltNb _ Q , r liLi _ 0 and r l 0 _ 0 using only the two total structure factors S(ß) (JC) and S(0 (n) and the two total radial distributions RDF(r) u) and RDF(r) (n) , owing to the large difference in the weights W {j of both radiations in the case of the LiNbO a melt.
In this paper we report the results obtained by the comparison of the experimental difference [RDF(r) (JC) -RDF(r) (n) ] with the difference computed from the interatomic distances observed in the rhombohedral phase. Using this refinement method, the i-j pairs have been identified and their interatomic distances have been determined with a good accuracy for the first neighbour atoms. A local ordering, similar to the crystalline local order, has been confirmed.
II. Experimental
The experiments are described in [17, 18] ; here we only recall the ranges of the temperature (T) and wave vector (Q) explored with both radiations.
The neutron experiments were carried out on the D4B spectrometer at the Institute Laue-Langevin in Grenoble. With the angular range of the measurement maintained within 1.6° < 20 < 131.4° (2 0 = scattering angle) and the wavelength X = 0.7064 Ä, Q = (47tsin0)/>i is investigated from 0.27 Ä" 1 to 16.26 Ä -1 . The counting accuracy is always better than 0.2%, i.e. such that the statistical errors were always small as compared to the effects induced by temperature variations. The intensities I s (20) , scattered by the melt, were measured at sixteen values of T, T decreasing by steps from 1623 K to 1490 K. A large undercooling domain was observed (AT k 36°), the onset of crystallization having been detected only below 1490 K, where Bragg peaks appeared. The total interference function was obtained using the procedure described in [19] . The intensities were corrected for background, furnace and cell scattering, and sample self-absorption using the values of the scattering and absorption cross sections of the three elements as listed in Table 1 [20, 21] . Multiple scattering, incoherent and inelastic scattering were subtracted. Then, the normalization to the known scattering cross section was achieved in the high Q-domain where the oscillations of the scattered intensities were small.
Following the evolution of the first Bragg peak of LiNb0 3 crystal in situ during the initial temperature rise in the neutron diffraction study [18] , and assuming an isotropic continuous expansion in the rhombohedral phase, it was possible to determine an approximate mean expansion coefficient a m % 3.3 x 10" 5 per degree. The X-ray experiments were carried out on the diffractometer "theta-theta" at the University of Senda'i (SENKEN). With 2° < 0 < 50° and the wavelength A Mo , ß is investigated from 0.6 Ä -1 to 13.5 Ä" 1 . The 7 S (20) intensities were measured at three temperatures: 1548 K, 1573 K and 1598 K. The method of analyzing the X-ray scattering intensity is well established [22] . In order to convert the measured scattering intensity data into the coherent scattering intensity /e°h(ß) in electron units, the generalized KroghMoe-Norman method [23] was used with atomic formfactors including the anomalous dispersion corrections [24] . The Compton scattering was corrected using the values reported by Smith et al. [25] .
For the X-ray experiments, the material was single crystal flakes of LiNbO a provided by Mitsui Mining and Smelting Co. Ltd.; the dimensions of these flakes were large enough to obtain, after melting, a large free horizontal surface of the melt. For the neutron experiments, the samples were prepared in the NIRIM at Tsukuba. Starting material was sintered LiNbO a : Li 2 C0 3 and Nb 2 O s powders of high purity (99.99%) and natural isotopic abundance were mixed in congruent composition [26] , pressed into a cylindrical form and calcined at 1000 °C for 5 hours. The final rods so-obtained are identical to those used for the growth of LiNb0 3 single crystals by the rf-heated Czochralski method. In view of the high corrosiveness of liquid LiNb0 3 , the solid rod was introduced in a sealed platinum container and maintained under an oxidizing air atmosphere.
III. Data Processing
The method for analysing the scattering intensity of non-crystalline systems is now well established. Only a few additional details particular to this work are recalled below. Using the formalism of Faber and Ziman [27] generalized to a non-crystalline system including more than two kinds of atoms, the total structure factor S(ß) can be related to the partial structure factors and the coherent scattering crosssection per atom dcr coh (ß)/dß as follows: are the average coherent scattering length and the mean square of the scattering length, respectively; c t and b t are the atomic concentration and the coherent scattering length of element i, respectively, and W i} is the pair cxontribution of the i,j pair or the weight of the partial structure factor S u . The pair correlation function, G(r), is obtained by a Fourier transformation to real space of the reduced
Qmin which gives the radial distribution function:
where £ 0 is the average number density of atoms expressed in atoms-Ä" 3 and g(r) is the average radial density function.
The same formulas are applied to the X-ray diffraction with Table 2 . Weights (expressed in %) of the partial functions defined in (2) for neutron and X-ray scattering, respectively. In the latter case the W^ values are reported for the Q-limits.
In this case </(0> and < f(Q) 2 > are the average scattering factor and the mean square of the atomic scattering factors, respectively, with f^Q) depending on the wavevector Q.
The partial coordination numbers of atoms contained in the n-th shell are obtained by integration of the peaks of the partial radial distribution functions RDF,j(r) as follows:
ftL where r" jmin and r? max are the lower and upper limits of the n-th shell defined by the minima of RDF 0 ; Z tj is the average number of j-species atoms around any atom of type i, and the average distance between i and j atoms is given by r y = {r y(maj0 + r ij(min) } • 1/2 if the distribution can be approximated by a discrete Gaussian [28] . From global RDF(r) functions, the partial coordination numbers are determined using the same integration but applied to the resolved components of global peaks. The contributions W tj of the i-j atomic pairs are calculated using the scattering lengths reported in Table 2 for the neutrons, and, for the X-rays the atomic form factors including anomalous dispersion corrections [23] or the analytic expressions of Cromer et al. [29, 30] . In neutron diffraction, the relative partial contributions of the different i-j pairs W ij(n) are constant in the whole Q-domain, but in Xray diffraction each contribution varies with the form factor dependence on the wavevector. The values W ij(x) were calculated from Q = 0 Ä " 1 to Q = 13.5 Ä ~1 (limit reached in the X-rays study); the values W ij{x) and W ij(n) are reported in the Table 2 for the two extreme Q values with the A W ti limits of the difference {W ij{x) -W ij(n) }. Due to the significant values observed for AW t j, very important differences have to appear between the patterns showing either S(0 (x) and S(ß) (n) or RDF(r) (x) and RDF(r) (n) , extracted from the X-ray and neutron diffractions, respectively. Signs and absolute values of A W {j will permit to identify the atomic species involved in the first neighbour pairs for which the mean interatomic distances are deduced from experimental RDF(r) functions. The comparison of these mean distances with the crystalline distances r u present in the rhombohedral phase is used to confirm the previous determination.
IV. Results

IV,1. General Observations
From the usual data analysis, after computation of G(r) by Fourier transform of 0{S(£)-1} through (3) and RDF(r) through (4), the positions of well separated peaks may be defined with an accuracy Ar/r ~ 1%, and the coordination numbers determined with an accuracy A n/n ss 5%. When peaks have to be resolved into several components, the Gaussian distributions, usually used to represent the partial contributions, cannot be so accurately defined. Generally, we proceed by trial and error until an approximate fitting is observed. Width and position of Gaussian components can be altered and a unique solution is rarely obtained. Only partial distributions G fJ (r), deduced from partial structure factors S y (Q), enable the exact solution to be determined. But when only the global S(0 is available, atomic distributions have to be assumed. For instance in the case of the molten niobate, a first trial is made from the crystalline distances corrected for the estimated thermal expansion and regrouped to take the experimental resolution into account. The resultant mean distances give the positions of Gaussian components whose widths are adjusted to fit the global peak. But if another structure is assumed, with other components, another as good fit could possibly be obtained. 
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No drastic change in the liquid structure of molten LiNbO a was evident from the X-ray diffraction data, obtained at 1598 K, 1573 K and 1548 K (Figure 2 ). In the case of neutrons with an explored T-range larger than the previous one, (AT« 133 K, from 1623 K to 1490 K), the variation observed is also weak, see the S(0 (n) factors shown in Fig. 3 (only five temperatures are displayed because no particular change was detected except in the undercooling domain; see small evolutions quoted by arrows in the more structured pattern at 1490 K). So, we present the method of refinement used in this data analysis for one temperature, T= 1573 K±10K, chosen approximately at the middle of the different T ranges explored with X-rays and neutrons. The structure factors, S(Q) (JC) and S(Q) (n) , and the radial distribution functions, RDF (r) (x) and RDF(r) (n) , obtained at 1573 K from both radiations, are shown in the Figs. 4 and 5, respectively.
IV,2. Determination of the r i} Distances
To determine the mean r u distances in the melt and the type of atomic i-j pairs concerned at these distances, we compare the data obtained from both radiations. The experimental difference {RDF(r) (JC) } -{RDF(r) (n) } is shown in Figure 6a . The positions of the successive sharp maxima and minima give mean r values with an accuracy, (Ar/r « 0.5%), better than the one obtained from the RDF(r) curves. These r values are compared to the interatomic r i} distances, computed from the atomic coordinates of the rhombohedral phase given at 300 K [10] and marked at the top of the Figure 6 a. The arrows indi- cate the mean values corresponding to the limit of resolution due to the Fourier transform, (Ar « 0.3 Ä with Q max = 16 Ä" J ); values are quoted by arrows up or down according to whether the difference A Irrelative to the i-j pairs is positive or negative. A theoretical difference has been deduced from the theoretical distributions obtained as follows. For neutrons, the theoretical radial distribution, [ th RDF(r) (n) ], was built using a Gaussian broadening of each peak of the distribution of the crystalline distances to take into account the limit of resolution (each distance is represented by a Gaussian having a FWHM Ar = 0.3 Ä and a height weighted by the value W ij(n) and the number of r tj pairs). For X-rays, the theoretical radial distribution, [ th RDF(r) (x) ], was not so easily obtained since W ij(x) depends on the Q value. We have built a first distribution, [ thl RDF(r) (;c) ], using the same Gaussian broadening as for neutrons and a height weighted In a second method, a theoretical structure factor th S(Q\ x) was computed using the theoretical intensity evaluated from the crystalline atomic coordinates and taking into account the variation of the atomic scattering factors, fi{Q), with the wavevector Q. In reciprocal space, the Dirac peaks, corresponding to the crystalline distribution, were replaced by Gaussian distributions to take the thermal fluctuations into account [31] . Then, after Fourier transformation to real space, we obtained the second theoretical radial distribution [ th2 RDF(r) (JC) ]. In the whole r-range used for the comparison, no important differences appeared between the two theoretical distributions. The arrows, drawn at the bottom of Fig. 6 a, quote the four mean interatomic distances, really confirmed by this comparative method: (1) r x Li _ Q « 2.16 + 0.01 Ä has to be compared with the distances in the crystal, r Li _ 0 , between 2.0686 Ä and 2.2386 Ä with the mean value 2.1536 Ä; (2) r, o-o »2.88 + 0.01 Ä has to be compared with the crys-talline distances, r 0 _ 0 , between 2,7190 Ä and 2.8795 Ä with a mean value 2.8564 Ä; (3) r 1>Nb _ Nb «3.82 ± 0.02 Ä has to be compared with the crystalline distance, r Nb _ Nb = 3.76 Ä and (4) r 0 _ 0 « 5.30 ± 0.03 Ä has to be compared with the crystalline distances r 0 _ 0 between 5.03 Ä and 5.30 Ä with the mean value 5.18 Ä.
One other distance, tNb _ 0 ~ 1.94 + 0.04 Ä, has been determined from the G(r) and RDF(r) curves using the usual method. Its value has to be compared with the crystalline distances between 1.8890 Ä and 2.1124 Ä with a mean value 2.00 Ä. Fig. 7 . Resolution of the first two peaks of RDF(r) (n) using the mean interatomic distances determined by the refinement method.
IV,3. Determination of the n i} Coordination Numbers
The low r-range of the experimental RDF(r)" curve is resolved with the first r u distances which have been defined (see Figure 7) . The first peak is fitted with two Gaussian components whose mean scattering vectors, r tj , and mean square deviations, o = Ar?, are given in Table 3 ; (Ar?) 1/2 corresponds to the full width of the i-j pair distribution; its value is directly measured from the RDF peaks. If the local order in the liquid is similar to the crystalline one, the value of Ar (j has to be about twice the maximal margin Ar m observed between the corresponding crystalline r tJ distances. The first component is centred on the well separated first maximum located at r x Nb _ Q . The experimental value Ar t Nb _ 0 = 0.40 Ä agrees well with the value 2Ar m « 2 x 0.22 Ä. The second component is located at r i,u-0' an d ^e value Ar x Li _ 0 % 0.38 Ä agrees well with 2Ar m = 0.34 Ä. The second peak of the RDF(r) is not well separated; it is fitted by the component due to the O-O contribution centred at the distance r i,o-o ~ 2.88 Ä. Assuming a similitude between the liquid and crystalline local orders, no other contribution should be present in this r-range; so the maximal intensity of the component is given by the ordinate of RDF(r) (n) at r = 2.88 Ä and its Ar value evaluated at half height after subtraction of the Li-O contribution. We obtain A x , 0 -o = 0.80 Ä, a value barely superior to *2Ar m .
The corresponding coordination numbers are deduced from the respective areas of these components assuming that The results, obtained at T = 1573 K using the above method, are reported in Table 3 . At temperatures for which data are obtained from only one radiation, the usual analysis was applied, i.e., only the first RDF peak was processed and identified with Nb-O pairs. Very weak changes were observed in n Nb _ 0 (5.94 => 6.03 =>«1.5%)andr liNb _ 0 (1.93 7 => 1.93 3 =>«0.3%) with T decreasing from 1623 K to 1490 K; these changes are smaller than the quoted experimental accuracies of the usual method (An/n « 5% and Ar/r ~ 1 %), see values reported in Table 4 . We can write ri,Nb-o~ 1.93 5 ±0.02Ä and n Nb _ G % 6.00 + 0.30 in the studied T-range. The n Nb _ 0 coordination can be considered as constant and the Nb atom octahedrally coordinated as observed in the LiNb0 3 crystal.
IV,4. Discussion
Several structural features have been found: i) in the melt, the first distances, r 1Nb _ 0 andr 10 _ 0 are similar to the crystalline ones at 300 K; that is to say that NbO ö molecules are present in the melt at high temperature without expanded Nb-O bond, ii) the first distances r x Li _ Q and Nb _ Nb are also comparable to the ones observed in the crystal at 300 K; clusters are probably present in the melt with a local order similar to the crystalline one, iii) thermal expansion is observed only for the highest r 0 _ 0 distance. When applying only the usual method to the global distributions, RDF(r) (x) or RDF(r) (n) , this last phenomenon would not be observed.
In the structures with frameworks of linked octahedra, the expansion of the solid is explained by two phenomena: the changes in shape and size of individual octahedra and the changes of tilt relative to one another. The contribution of the changes of tilt to the macroscopic expansion is considerably greater than that of changes of octahedron size. It is generally accepted that the mean edge-length thermal coefficient in an octahedron is small as long as off-centre Nb displacements are present and could become much larger when Nb becomes central, as is the case in the paraelectric phase [15] . The results of our work deny this last observation since the size of the octahedron Nb-O e defined in the rhombohedral state at 300 K is maintained in the molten LiNb0 3 . Rigid octahedral bonds had been previously confirmed by an EXAFS study of the hydrolysis of niobium pentaethoxide [32], revealing four short Nb-O bonds (1.90 +0.03 Ä) and two long Nb-O bonds (2.15 + 0.03 Ä); values always similar to the crystalline distances. In the melt, Nb0 6 octahedra could be more regular and explain the reduction of the average Nb-O bond.
Another confirmation of the local order is obtained from the coordination numbers. The n 0 _ 0 value, nearly equal to the crystalline value, confirms the presence of Nb0 6 octahedra in the melt. The n Li-o value can be explained only if a great part of the Li atoms are bonded with three O atoms. This observation, and the fact that the value r liNb _ Nb is nearly equal to the crystalline value, indicate a probable presence of clusters formed by corner-shared Nb-O e octahedra tightened by lithium atoms. The evolution, observed in G(r) (n) around 4.53 Ä when T decreases (see curves Fig. 8) , is explained by an increase of the undercooling domain).
Li-O pair contribution, a fact which confirms the previous assumption. The presence of clusters in the melt has been recently confirmed by small angle X-ray scattering [16] and the local order evolution with temperature obtained from neutron scattering [18] using samples of natural isotopic abundance. Evolution of clusters and local order have to be described more precisely to explain the high thermal expansion in a melt which contains clusters having a mean density identical to the solid one. Supplementary neutron studies are scheduled with samples having variable 6 Li/ 7 Li ratios to determine the partial structure factors S 0 (ö).
V. Conclusion
The acuracy in the determination of coordination numbers and interatomic distances, relative to the first neighbour atoms in the LiNbO a melt, has been improved using a comparative method between X-ray and neutron data. The accuracy reached in this work: Ar/r ~ 0.5% and An/n « 2%, has to be compared to Ar/r« 1% and A n/n « 5%, usually obtained from a hypothetical resolution of global distribution functions. From the continuous study in situ of the LiNb0 3 melt, the invariability of the n Nb _ Q coordination has been confirmed in the whole temperature range from 1623 K to 1490 K, including a large undercooling domain. The first distances ^ Nb -o an d r i,o-o show that the structural unit Nb-O e appears as a very weakly distorted entity in the liquid state. The coordination numbers n Li _ 0 , n Q _ 0 and the r i.Nb-Nb can t> e explained only by the presence of aggregates in the melt. So cluster models could be described on the basis of interconnected Nb-O e octahedra with a local order similar to the crystalline one. Supplementary study is necessary to explain the large difference observed between densities of solid liquid material.
